The compatibility of ionic liquid 1-ethyl-3-methyl imidazolium tetrafluroborate (EMIBF 4 ) with a redox capacitor system with redox species, nickel phthalocynine (NiPc) fixed at the interface between carbon nanotube (CNT) electrode and electrolyte has preliminarily been investigated. The redox of NiPc can be well reproduced by NiPc/CNT composite in EMIBF 4 electrolyte. The asymmetric cell with NiPc/CNT negative electrode with EMIBF 4 electrolyte exhibits significant contribution of redox charge on the cell capacitance even at high rate. The self-discharge behavior and electrolyte feature after long term charge-discharge reveal that the dissolution of NiPc is inhibited in EMIBF 4 electrolyte.
Introduction
The introduction of redox species in electrochemical capacitor system has widely been attempted for the purpose of the improvement of its capacitance and energy density. From the viewpoint of the position of redox species in a cell, there are three kinds of possibilities: the case that the electrode material itself is redox active, the one that the redox species is dissolved into electrolyte, and the one that redox species places at the interface between electrode and electrolyte. Among them, studies have been concentrated on the first system, such as ruthenium oxide, 15 manganese oxide, 610 and conducting polymers. 1014 These bulk redox active electrodes are effective to improve the cell capacitance at some extent by the contribution of 'pseudo-capacitance'. However, the utilization of the bulk electrode requires the diffusion of a certain ion species into bulk solid electrode in order to compensate electric charge of redox species, which leads to the low rate capability for capacitor cells. While the second system does not include such slow process, this suffers self-discharge which includes re-oxidation at positive electrode for reduced species at negative one, and the opposite process. If redox species can be fixed at interface between electrode and electrolyte, the influence of ion diffusion on the rate capability is ignored and the redox species can be utilized effectively even under high rate condition. Recently several interesting examples about this system have been proposed. 15, 16 The key for these technologies is the inhibition of dissolution of redox active species into electrolyte. The authors have highlighted ionic liquid as a key component for this kind of redox capacitor. Ionic liquid has been attracted as novel electrolyte material due to its unique properties such as non-volatility, high conductivity, and electrochemical stability when stable component ions are selected. 17, 18 In contrast, ionic liquid has viscosity markedly higher than water and conventional organic solvents. This is a drawback for the use in 'conventional' electrochemical systems. Furthermore, most redox species are expected to have low solubility compared with conventional solvents because there is no 'solvated ion' in ionic liquid. The novel lithium-sulfur batteries working at ambient temperature have been proposed on the basis of low solubility of redox active species, sulfate in this case, in ionic liquid electrolyte. 19 In the present study, a redox capacitor system with redox species fixed on the interface between electrode and electrolyte has preliminarily been investigated by using ionic liquid electrolyte. Nickel phtalicyanine (NiPc) has been concerned as a model redox species and this molecule is loaded on the surface of carbon nanotube (CNT), having an advantage of O-O interaction between phthalocynine ligand and graphitic surface of CNT. 20 The feature of pseudo-capacitance in asymmetric cell, rate capability, self-discharge, and dissolution of NiPc after long term chargedischarge cycles has been focused and discussed.
Experimental
Carbon nanotube (CNT; Nanocyl Inc., Belgium) was dispersed into NiPc (Sigma-Aldrich)/ethanol solution, and then ethanol was evaporated. The residual solid was further dried in vaccum overnight. Thus the NiPc/CNT composite was obtained. The loading amount of NiPc was controlled by the content of NiPc in ethanol solution. Hereafter the composite with x wt% of NiPc was NiPc(x%)/CNT. The NiPc/CNT composite was molded with 10 wt% of poly(tetrafluoroethylene) (PTFE; Mitsui Fluorochem, Japan) into disk form of 10 mm diameter and 0.3 mm thickness. CNT/PTFE composite electrode disk was prepared via similar procedure for control or counter electrode. Tetrafluoroborate salt of 1-ethyl-3-methyl imidazolium (EMIBF 4 ) was used as ionic liquid electrolyte. For comparison, the 1 mol dm ¹3 solution of tetraethylammonium tetrafluoroborate (TEABF 4 ) in propylene carbonate (PC) was used.
A three-electrode sealed cell with silver wire reference electrode was used for cyclic voltammetry measurement. In the threeelectrode cell, silver wire was sandwiched by two pieces of roundly cut glass filter separator, and then sandwiched by NiPc/CNT/PTFE working electrode and CNT/PTFE counter electrode. Electrolyte was immersed in both electrodes and separators before the cell assembly. The cyclic voltammetry was conducted by using a potentiostat equipped with computer-interface function generator (Hokuto Denko Co., Japan, HZ-5000) under the scan rate of 2 mV s ¹1 and potential range between ¹1.5 to 1.5 V vs. Ag. For all the other electrochemical measurements, a two-electrode sealed cell, having similar cell components except for reference electrode, was utilized. The cell was assembled in asymmetric manner with CNT/ PTFE positive and NiPc/CNT/PTFE negative electrodes. Constantcurrent charge-discharge tests were conducted by using a battery cycler (Nagano Co., Japan, BTS2004) under the prescribed current density and the cut-off voltages of 2.5 and 0 V. The cycle stability was estimated only for the cells containing NiPc(20 wt%)/CNT negative electrode via similar procedure with 2.0 mA cm ¹2 of current density. The time courses of the open circuit voltages of the cells were monitored by using the same apparatus, after the constantvoltage charging at 2.0 V, 10 min. The cells were assembled in argon-filled glove box and all the measurements were conducted at ambient temperature.
Results and Discussion
The cyclic voltammograms of NiPc/CNT electrodes with various NiPc contents in TEABF 4 /PC electrolyte were summarized in Fig. 1(a) . The voltammograms in this figure is all at fifth cycle at steady-state. The CNT electrode shows a rectangular-shaped voltammogram without redox peaks, as typically observed for EDLC electrode. In contrast, the voltammograms of the electrodes containing NiPc exhibit rather complex redox couples around ¹0.8 V and around 0.5 V. These peak currents are higher as the NiPc content is higher, indicating that these peaks originate from NiPc. The potential of the former and the latter redox couples are somewhat close to the standard potential of Ni(0)/Ni(II) and Ni(II)/ Ni(III), respectively, while the complex features may be related to the charge-transfer mode between nickel and phthalocynine ligand. The charges passed through the electrodes during cathodic scan are summarized in Table 1 after normalized by the electrode mass. These values contain contributions both double layer and charge transfer. In case of CNT electrode, the charge is generated only by double layer. When the NiPc loading is 3 wt%, the charge increase is minor, likely because the contribution of charge transfer process is subtracted by the decrease of double layer due to the decrease of exposed surface area of CNT. For the other cases, the contribution of the charge transfer process of NiPc appears to increase approximately in linear relationship with NiPc. This result indicates that NiPc in the composite fully works in such conditions. The cyclic voltammograms of NiPc/CNT composite electrodes in EMIBF 4 electrolytes are summarized in Fig. 1(b) , and these charge amounts during cathodic scan are included in Table 1 . CNT also in this electrolyte shows rectangular voltammogram, while the charge accumulation is larger than the case of TEABF 4 /PC electrolyte. In EMIBF 4 electrolyte, CNT is considered to provide only double layer charging process. It has been reported that the double layer capacitance of porous carbon electrode in ionic liquid electrolyte is larger than that in conventional organic solvent ones. 21 The larger charge in this case is thus reasonable under such assumption. To be interesting, the redox currents for NiPc/CNT electrodes are larger and have higher resolution in EMIBF 4 than in TEABF 4 /PC. The jump of the charge value by the NiPc loading from 10 to 20 wt% is markedly larger than the one by the NiPc loading from 0 to 10 wt%, indicating that a part of NiPc on NiPc(20 wt%)/CNT does not interact with CNT. Such differences of the redox behavior of NiPc between in EMIBF 4 and TEABF 4 /PC, the extent and the NiPc loading dependence, indicate that NiPc retains on CNT surface in EMIBF 4 while NiPc tends to partially dissolve in TEABF 4 /PC.
The largest redox peak in the voltammogram of NiPc/CNT is sharply observed around ¹0.8 V vs. Ag regardless of the electrolyte. From this characteristic, the NiPc/CNT composite is expected as negative electrode of asymmetric hybrid capacitor. Therefore, twoelectrode test cell was assembled using NiPc/CNT negative and CNT positive electrodes in order to assess the compatibility of this composite with capacitor usage. The typical charge-discharge profiles obtained from the two-electrode constant-current tests are shown in Fig. 2 . In all the profiles the cell voltage linearly changes by charge-discharge time as shown in typical EDLC system. Among the test cells, the one containing NiPc(10 wt%)/CNT as a negative electrode and EMIBF 4 as electrolyte shows longest working time, indicating highest capacitance due to similar electrode masses for all the cells. The cell capacitances per the mass of both electrodes are also summarized in Table 1 . Such a high capacitance of the cell containing NiPc/CNT negative electrode and EMIBF 4 electrolyte is likely due to the charge transfer process by NiPc at negative electrode surface. This result clearly exhibits the advantage of NiPc loading on CNT and of the selection of EMIBF 4 electrolyte for practical asymmetric capacitor system. The rate dependence of the cell capacitances of the test cells containing NiPc/CNT negative electrode with various loading amounts are summarized in Fig. 3 . Again it is clear that the NiPc/CNT negative electrode with large NiPc loading amount provide significant increase of cell capacitance, Electrochemistry, 81(10), 783786 (2013) in particular used with EMIBF 4 electrolyte. Up to 10 wt% of NiPc content, the cell retains its capacitance even under current density as high as 4.0 mA cm
¹2
. In contrast, the cell with NiPc(20 wt%)/CNT negative electrode loses significant part of its capacitance between 0.1 to 0.5 mA cm
, and also gradually by the increase of current density, in particular when the electrolyte is TEABF 4 /PC. This trend indicates that most NiPc tightly bind with CNT up to 10 wt% of loading, and excess NiPc provide high cell resistance.
The time dependences of open circuit voltages of the cells after 2.5 V constant voltage charging are shown in Fig. 4 . The voltage of all the cells decreases gradually. In case of EDLC, the voltage decreases, namely self-discharge, are caused by the combination of complex factors, such as the leak current of apparatus, leak currents by parasitic reactions, the degradation of double layer by ion diffusion. The reason for the low self-discharge of the CNT symmetric cell with EMIBF 4 electrolyte compared with that with TEABF 4 /PC may be the inhibition of ion diffusion in viscous ionic liquid electrolyte. In addition, for the cells with electrode containing mobile redox species, the migration of reduced species to positive electrode and reoxidation there must be taken into consideration. For the series with TEABF 4 /PC electrolyte, the loading of NiPc on negative electrode enhances the self-discharge, likely due to the migration of reduced NiPc. In contrast, analogues containing EMIBF 4 electrolyte provide the inhibition of the self-discharge by the loading of NiPc. In this case the dissolution of NiPc into electrolyte may be inhibited. NiPc binds tightly with CNT compared with adsorbed cation in double layer ion, and thus the extent of the self-discharge of NiPc/CNT asymmetric cell in EMIBF 4 may be small.
Charge-discharge cycle test has been conducted for the cells containing NiPc(20 wt%)/CNT negative electrode in order to estimate the influence of NiPc dissolution on the long term stability of capacitor cell. The capacitance retentions after 5000 cycles for the cell with TEABF 4 /PC and EMIBF 4 are 53 and 78%, respectively. EMIBF 4 electrolyte contributes to retain capacitance after cycles. The electrolyte after the cycle test is shown in Fig. 5 . Both TEABF 4 /PC and EMIBF 4 are colorless liquids before use. After 5000 cycles, both electrolytes appear to show blue color, indicating the dissolution of NiPc. The extent of color is markedly larger in TEABF 4 /PC compared with EMIBF 4 . NiPc(20 wt%)/CNT is considered to contain NiPc not directly bound with CNT. Therefore, even EMIBF 4 electrolyte slightly colored after cycling. However, the extent of dissolution appears to be significantly smaller in EMIBF 4 than in TEABF 4 /PC. The inhibition effect of NiPc dissolution by EMIBF 4 electrolyte is clearly indicated.
It is shown from these results that the NiPc loading on CNT is effective method to adding the pseudo-capacitance of NiPc redox in particular when EMIBF 4 electrolyte is applied. However, the cell capacitance is still much smaller than that of typical EDLC containing activated carbon electrode, because of the low capacitance of CNT itself. Indeed, while the loading of NiPc on activated carbon has been attempted by the authors, the dissolution of NiPc would not be inhibited even in EMIBF 4 electrolyte. Therefore the selection of carbon substance is rather limited for the one with exposed surface of graphitic planes. In addition, the selection of redox species should be optimized. Future attempt will be made on the focus of these issues.
Conclusion
For NiPc/CNT composite electrodes, the redox current of NiPc is clearly observed in cyclic voltammogram, in particular when EMIBF 4 ionic liquid is used as electrolyte compared with the case that TEABF 4 /PC electrolyte is used. The redox current for various NiPc loading indicates that the optimum loading is as much as Electrochemistry, 81(10), 783786 (2013) 10 wt%. The largest redox couple observed around ¹1.0 V vs. Ag suggests that the advantage of these composite electrode as negative electrode for asymmetric capacitor cell. The asymmetric cell consisting of NiPc/CNT negative and CNT positive electrodes in EMIBF 4 electrolyte exhibit higher capacitance compared with the TEABF 4 /PC analogue, and CNT symmetric cells with either electrolyte. The cell containing NiPc/CNT negative electrode retains its capacitance at high rate charge-discharge. The dissolution of NiPc at long term charge-discharge is inhibited in EMIBF 4 compared with TEABF 4 /PC. From these results, it is concluded that the NiPc or similar redox species immobilized on CNT can be applied to the redox capacitor system with EMIBF 4 ionic liquid electrolyte.
